Background: Bacterial meningitis remains often etiologically unconfirmed, especially in resource-poor settings. We tested the potential of real-time polymerase chain reaction to identify Streptococcus pneumoniae (Pnc) and Haemophilus influenzae type b (Hib) from cerebrospinal fluid impregnated on filter paper strips. Methods: Pnc and Hib genome equivalents were blindly quantified by polymerase chain reaction from 129 liquid cerebrospinal fluid (CSF) samples-the standard-and strips stored at room temperature for months. Genome counts were compared by simple regression.
D
espite effectiveness of conjugate vaccines [1] [2] [3] against the 3 leading agents of childhood bacterial meningitis, Hemopilus influenzae type b (Hib), Streptococcus pneumoniae, and Neisseria meningitidis, still some 5000 patients a day worldwide 1, 4 fall ill with this potentially devastating disease. [5] [6] [7] [8] Most of them live in conditions where even basic bacteriology does not exist or it is unreliable. Because the true incidence of meningitis remains unknown, vaccines are not always used to the extent they should be. 1 And without any epidemiological data, no vaccination programs are funded. The best available treatment is often not chosen, and unnecessarily expensive methods are used 9, 10 assuming that all patients require similar approach. New, simple enough methods to identify the causative agents would be of major relevance to get a more reliable picture of bacterial meningitis globally.
Gram-staining is the traditional method to identify bacteria in cerebrospinal fluid (CSF), but it requires an experienced microscopist, and detects bacteria only if they are in large quantities (Ͼ10 5 cfu/mL). 11 Latex agglutination [12] [13] [14] is other simple method, but the volume needed is not minuscule, reagents are costly, specificity of antisera varies, and interpretation requires experience. Furthermore, the reagents for agglutination have a short shelf-life, which adds to the cost.
Being an extremely sensitive assay, polymerase chain reaction (PCR) has opened new doors in the diagnostics of bacterial meningitis. [15] [16] [17] The transport of CSF samples is always cumbersome, but nowadays, international shipping of biologic specimens has become very costly, let aside difficulty with proper storage through the journey from the "bush" to metropolis.
We examined whether CSF samples impregnated onto filter paper strips might be a useful and reliable method in the diagnostics of bacterial meningitis.
METHODS

Set Up
As a part of our large treatment study on pediatric bacterial meningitis in Latin America, 18 129 CSF samples were collected from 82 (70 from Venezuela, 12 from Paraguay) children aged from 2 months to 15 years. Diagnostic lumbar punctures were derived from 82 samples, and 47 were obtained from the taps performed 24 to 36 hours after start of treatment. All samples were examined for S. pneumoniae and Hib. The study was approved by the institutions' ethical committees, and the child was included only with consent of a legal guardian. The protocol stated that a part of the CSF samples was to be frozen for further analysis.
Conventional bacteriology was performed in the local laboratories. Of the 82 cases, 73 (89%) fulfilled the preset criteria for bacterial meningitis, 18 and in those, an agent was identified locally in 62 cases (S. pneumoniae, 30; Hib, 28; N. meningitidis, 3; and Salmonella enteritidis, 1). Pneumococcal meningitis was diagnosed by CSF culture in 19 cases, by latex agglutination in 5, gram-staining in 4, and by blood culture with concordant CSF staining in 2. For Hib meningitis, the respective numbers were 21, 1, 5, and 1.
Preparation for PCR Testing
The liquid CSF samples were kept frozen at Ϫ20°C, also when transported in a triple safety package to Finland, where the liquid CSF specimens were thawed, and 200 L of each specimen was taken for DNA extraction using QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany). The manufacturer's instructions were followed with the following modifications: lysis of the sample was undertaken overnight, and after incubation at room temperature for 5 minutes, extracted DNA was eluted into 100 L (instead of 200 L) of Buffer AE. This sample concentration was taken into account when calculating genome counts. General precautions were taken to avoid contamination including the use of a separate room only for DNA extraction. When extracting DNA, every 12th sample served as a negative control (sterile distilled water). The extracted DNA was stored at Ϫ20°C.
When thawed for DNA extraction and PCR analysis, a 25-L specimen was spotted on a filter paper strip (Whatman, Middlesex, UK). The strips were not autoclaved, but handled with gloves on. They were labeled with the numbers of the conventional samples and allowed to dry in room air. Finally, the strips were put in small plastic bags (in which they could have been sent by regular mail), and stored at room temperature protected from light.
After storage for at least 8 months, the PCR analysis was done in 2005, blinded from the earlier results. One-fourth of the slip was cut with a sterile scalpel, and from this small piece of filter paper DNA was extracted by putting the piece in a microcentrifuge tube into which 200 L of Buffer ATL and 20 L of Proteinase K (both from QIAGEN) were added. The specimens were incubated overnight at ϩ56°C.
The following day, the supernatant was collected and DNA was extracted from it as described for the liquid CSF samples. Purified DNA was eluted in 100 L of Buffer AE and stored at Ϫ20°C. When calculating genome counts, the dilution during the DNA extraction (one-fourth of the strip with 25 L of CSF to 100 L of purified DNA) was taken into account.
PCR Testing
DNA was searched for with 2 real-time PCR assays. For S. pneumoniae, we used our own method 19 for detection of the pneumolysin (ply) encoding gene. The sample volume was 8 L and sequence-specific hybridization probes were used. 19 For Hib, a conventional PCR method 20 was modified for real-time PCR by using a new reverse primer (sequence 5Ј GCTAAGATGAAGTTATGGCGAA 3Ј). A pair of fluorescentlabeled, sequence specific hybridization probes (designed by O. Landt, Tib-Molbiol, Germany; sequences 5Ј CATTTACAGAC-GACCAAAGGTATCTTG-fluorescein 3Ј, and 5Ј LCRed640-GTATAGCCTCGCCCCCAGAATTC-phosphate 3Ј) detected the amplification products. The method is based on the published sequence of the capB locus (GenBank accession no X78559).
The 20-L Hib PCR reaction volume contained 1 ϫ FastStart DNA Master Hybridization Probes solution (Roche Diagnostics, Mannheim, Germany), 4 mM MgCl 2 , 0.5 M of each primer, 0.2 M of each hybridization probe and 8 L of sample DNA. The Hib PCR program comprised initial denaturation at 95°C for 10 minutes followed by 50 cycles of amplification each consisting of denaturation at 95°C for 10 seconds, annealing at 59°C for 10 seconds, and elongation at 72°C for 14 seconds. In both PCR assays, at least every seventh specimen was a no-template control (sterile distilled water).
External standard curves were used for quantification, created by preparing 6 serial dilutions of purified pneumococcal or Hib DNA and amplifying 4 replicates of each dilution. In each run, a standard was included as a reference and it also served as the positive control.
Statistical Analysis
The results read from the strips were compared with the gold standard, the PCR results of the liquid CSF-samples deriving from the same patients and specimens. Sensitivity and specificity were defined as the percentage of positive (sensitivity) or negative (specificity) findings of the filter papers from all the positives or negatives, respectively, detected by the gold standard. The positive and negative predictive values were defined as the percentage of the by filter paper correctly identified positives or negatives, respectively, from all positives or negatives, respectively. Finally, the positive likelihood ratio was obtained from the formula of sensitivity/1-specificity, the negative likelihood ratio deriving from the formula of 1-sensitivity/specificity. A positive likelihood ratio of at least 10 indicates such a high degree of test reliability that further testing can be suspended. Similarly, a negative likelihood value below 0.1 justifies the same conclusion for a negative result. 21 Because of the non-normal genome count distribution, log transformation was done before simple regression, used in the comparison of the results from the conventional versus filter paper samples. A PCR result was taken as positive when at least 5 genomes/uL of S. pneumoniae or Hib were detected.
22
RESULTS
For S. pneumoniae, the strips proved very reliable, as the sensitivity was 92%, specificity 99%, and the positive and negative predictive values of 94% and 97%, respectively ( Table 1) . The positive and negative likelihood ratio was 92 and 0.08, respectively, while the overall accuracy was 96%.
For Hib, the filter paper PCR sensitivity was no more than 70%, but the specificity was 100%. The positive and negative predictive values were 100% and 89%, respectively, and the positive and negative likelihood ratio 70 and 0.30 (Table 1 ). The overall accuracy was 91%.
PCR for both types of samples was positive in 33 cases of Pnc. The bacterial genome range was enormous ( 
Peltola et al The Pediatric Infectious Disease Journal • Volume 29, Number 2, February 2010
In liquid CSF, genome count for S. pneumoniae, log 2.83 Ϯ 2.36/L, did not differ from that for Hib, 2.27 Ϯ 2.35/L (P ϭ 0.24). However, the counts of both agents were significantly (P Ͻ 0.0001) higher in the liquid samples if filter paper was positive than if it was not. For Pnc, the filter paper-positive cases showed a liquid sample count of log 4.04 Ϯ 1.88/L versus log 0.34 Ϯ 0.68/L in the filter paper-negative cases. For Hib, the counts were log 3.85 Ϯ 1.77/L versus log 0.40 Ϯ 1.36/L, respectively.
DISCUSSION
When searching for the agent causing bacterial meningitis, merely the "yes or no" result regarding the pathogen usually suffices while awaiting antibiotic susceptibility testing results. Filter paper PCR does not necessarily disclose the agent on site, but offers a chance to get this information months, perhaps years, later if needed.
PCR has been used in bacterial meningitis in developing countries, 23 ,17 but we are aware of only one study from Nigeria in the 1970s in which CSF samples dried on filter paper were used for the etiologic diagnosis. 24 Counterimmunoelectrophoresis detected capsular polysaccharide antigens in 55% (78/142) of purulent CSF samples; relation to the culturepositivity was not reported in that study.
As one might expect, PCR was more sensitive than counterimmunoelectrophoresis more than 30 years ago; PCR found 85% to 90% of the culture-positive cases. The association was good, but equally clear was that PCR is not a substitute for bacterial culture. The only major advantage of the filter paper methodology is that it keeps the agents identifiable long afterward. Some loss of sensitivity due to high ambient temperature is likely to occur if the strips are stored for a very long time. However, Leishmania was identified from Giemsa-stained lesion imprint slides stored for up to 36 years, 25 and "suicide PCR" from the tooth pulp of human bodies documented Yersinia pestis as the agent causing black death in the 14th century. 26 PCR has also been used for identifying H 1 N 1 influenza A virus in Spanish Flu. 27 No doubt, PCR has brought new sights in the diagnostics of infectious diseases.
A laboratory test is considered reliable if it has high sensitivity combined with high negative predictive value. For S. pneumoniae, filter paper showed a 92% sensitivity and a negative predictive value of 97%, the overall accuracy being 98%. Thus, if a strip PCR detects pneumococcus, no confirmation is needed.
Filter paper sensitivity was only 70% for Hib, but the specificity was 100%, the negative predictive value 89%, and the overall accuracy 91%. Thus, conditions permitting, a negative filter paper result should preferably be checked (because of somewhat lower sensitivity), but this must be weighed against the true needs. Lower genome counts in the conventional CSF sample for Hib than Pnc may partly explain the lower sensitivity. It might also be possible (though unlikely) that the filter papers we used contained some PCR inhibitors bound to DNA which caused reduced amplification in Hib PCR.
The PCR technology is rather costly, but it also can be brought on site. 17 However, if transport of the specimens is needed, we see no biologic risk in the regular mail, especially if the strips are sealed in plastic bags; the relevant bacteria do not survive on filter paper. If storage cannot be avoided, the strips should preferably be kept in a desiccator with silica gel, because humidity might cause decomposition. 28 Contamination is hardly an issue since pneumococcus and Hib (and meningococcus) are rarely found in ambience or on human skin or hands. For, say, staphylococci, this is not the case. Simple and inexpensive filter paper Ingestion of PIF was the only identified risk factor for Cronobacter exposure for the 2 infants. The 2 infants had consumed the same brand of PIF, but had no other common exposures. PIF preparers reported washing their hands before preparing formula and washing bottle components by hand between feedings for the female infant and in the dishwasher for the male infant. Additionally, they reported following the manufacturer's instructions for preparing and handling PIF.
In the female infant's household, water used for PIF reconstitution had been boiled, cooled, and then stored in the kitchen in a plastic container. In the male infant's household, PIF had been reconstituted by using refrigerated bottled water or tap water. The water was not boiled or heated before use.
Although the 2 infants had consumed the same brand of formula, their clinical Cronobacter isolates had different pulsed-field gel electrophoresis (PFGE) patterns. None of the samples obtained from the home of the female infant yielded Cronobacter spp. However, PIF from an opened canister and the vacuum cleaner filter from the home of the male infant yielded Cronobacter spp. The clinical Cronobacter isolate from the male infant and the Cronobacter isolate from the PIF canister sample from his home had indistinguishable PFGE patterns. However, the vacuum cleaner Cronobacter isolate from the same home had a different PFGE pattern. Cronobacter spp. were not isolated from any of the unopened canisters of PIF in either home.
Comment: Although a Cronobacter organism was isolated from the male infant at autopsy, the role of this organism in the infant's apparent death from SIDS is unknown. Isolation of Cronobacter spp. in association with SIDS has not been previously reported.
Previous investigations have found Cronobacter spp. cultured from prepared formula, unopened PIF containers, and the environment where PIF was reconstituted, clearly implicating PIF as the source of outbreaks. Although Cronobacter spp. have been isolated from household vacuum cleaners previously, the source of the Cronobacter organisms in such settings and the clinical implications are unknown. Enhanced surveillance might produce a more accurate estimate of the Cronobacter disease burden and insight into risk factors. Accordingly, the Foodborne Diseases Active Surveillance Network (Food Net) of CDC's Emerging Infections Program is expected to soon begin piloting surveillance for Cronobacter infections in the United States.
The World Health Organization has developed guidelines for the preparation of PIF, including reconstitution with water hot enough to inactivate Cronobacter organisms. In the United States and elsewhere, recommendations are to breast-feed infants when possible, use sterile liquid infant formula in high-risk settings (eg, neonatal intensive care units and hospital nurseries), and adhere to the safest available PIF preparation procedures.
